Existing digital image composition algorithms neglect the out-of-gamut problem, i.e. some pixel values in a composited image exceed the displayable or printable range. In this paper, we show that the commonly used solution, i.e. hard clipping or linear scaling, results in either detail loss or global contrast reduction. Directly applying the existing high dynamic range (HDR) compression algorithms cannot achieve pleasant visual quality either. Thus, we propose a gamut fitting method to solve this out-of-gamut problem in image composition. In particular, we formulate gamut fitting as a multi-criteria optimization problem. Polynomials in the Bernstein-Bézier form are used to compute the optimal gamut mapping curve. The proposed approach can be regarded as a post-processing procedure to enhance the visual quality of the resulting images from image composition applications.
INTRODUCTION
Digital image composition, a basic process of digital image editing, has drawn much research interests in recent years. The gradient domain techniques [1] [2] [3] have been successfully used to composite a new image from two or more images. However, such methods suffer from overflow and underflow problems, i.e., the resulting image may contain pixels with color values out of the displayable or printable range (e.g. [0, 255] for 8-bit images). To the best of our knowledge, this out-of-gamut problem has been neglected by almost all image composition algorithms.
By default, in most existing image composition algorithms a resulting image is fitted into the desired range by either hard clipping or linear scaling. Hard clipping erases details in over-bright (overflow) and over-dark (underflow) regions while linear scaling reduces global contrast. These straightforward solutions degrade the visual quality of composited images. A different method is used in [4] , where the range constraint is imposed on the variational model such that the solution space is constrained in [0, 255] for 8-bit images or [0, 1] after normalization. However, this converts an unconstrained problem into a constrained problem and thus increases the computational complexity, which is undesirable as image composition is typically expected to be a real-time interactive process.
An alternative way to solve this gamut fitting problem is to apply high dynamic range (HDR) compression algorithms [5] . Our problem is similar to HDR compression in that the pixel values exceed the required dynamic range. Similar to the tone mapping operators (TMOs) in HDR compression, our purpose is also to generate a low dynamic range image that is a faithful visual representation of the input, and the generated image should preferably keep the overall contrast and the details in saturated regions.
The existing spatial domain TMOs include global and local operators. A global operator, e.g. linear scaling, defines a compression curve that applies to all the pixels in the image. A more advanced global TMO, the histogram adjustment method [6] , tries to preserve both visibility and contrast by incorporating models for human contrast sensitivity and color sensitivity, etc. On the other hand, a local operator computes a local adaptation level and derives a compression curve for each pixel based on its own value and the values of its neighboring pixels. The iCAM model [7] is one of the best local TMOs, which consists of two major processes: chromatic adaptation transform and luminance compression with surround effects. In general, global operators are less expensive to compute while local operators have better performance. A detailed description and comparison of the representative HDR compression algorithms can be found in [5, 8] .
Although the gamut fitting problem in image composition shares some common ground with HDR compression, they have some noticeable differences. First, the dynamic range of out-of-gamut images in image composition is not as high as that in HDR compression. This is because the dynamic range of the resulting image from image composition is bounded by its original images and the image composition algorithm. Second, in image composition the out-of-gamut pixels are only located in the foreground region while all the pixels in an HDR image lie in the high dynamic range. Third, reference images are available in our system and can be used for both processing and evaluation. This is because the image composition process generates new images from existing images. On the contrary, no reference low dynamic range image is available in HDR compression. These differences imply that directly applying the existing HDR compression algorithms into the gamut fitting problem in image composition might not be appropriate, which is also observed in the experiments described below.
In this paper, we propose a gamut fitting method which can be used as a post processing for image composition. In particular, we define our objectives for gamut fitting and formulate it as an energy-minimization problem. The BernsteinBézier form is used to parameterize the optimization problem and to compute the global mapping curve. Our proposed approach is flexible and new objectives can be easily integrated.
THE PROPOSED FRAMEWORK

The Out-of-Gamut Problem
Image composition is aimed at generating new images by copying objects from a source image and pasting them onto a destination image. The Poisson image composition [1] is the representative work of gradient domain image composition and has been improved and extended in various ways in subsequent works [2] [3] . It achieves seamless image composition by superimposing the gradient of the object in the source image onto the destination image with Dirichlet boundary conditions.
The overflow and underflow problems in gradient domain image composition can be illustrated by a 1-D example shown in Fig. 1 . The foreground of the source signal is composited onto the destination signal with Dirichlet boundary conditions. Although both source and destination signals are within the range of [0, L max ], the copied signal is "raised up" by the higher boundary values in the destination signal, which results in overflow. Similarly, underflow can happen when a signal with high boundary values is copied onto a destination signal with low boundary values.
The Proposed Model
Let {x i | x i ∈ [min x , max x ], i = 1, · · · , n} denote the input image with size n, which is the resulting image from image composition. Let {Φ(
For image composition applications, image {x i } is assumed to be composed of the background region and one or multiple foreground regions. Let Ω F and Ω B denote the foreground region and the background region respectively. Generally, in Poisson image composition based approaches, the background region is unchanged while the foreground region is calculated by gradient domain operations, as shown in Fig. 1 . The underflow and/or overflow pixels only exist in Ω F . Usually, a gamut mapping function Φ(x) is expected not to change the background region significantly. Thus, the first objective we propose for gamut fitting is to keep the color fidelity of the background pixels with regard to the input image, which is to minimize
where |Ω B | denotes the size of the background region.
On the other hand, although the foreground contains overflow/underflow pixels, image features are still preserved by local contrast. Along with the background color fidelity, it is desirable to preserve the image features or details of the foreground region. For this purpose, our second objective is to minimize
which basically measures the Euclidean distance between the pixel gradients. By combining these two objective functions with a weighting factor λ, we formulate the gamut fitting problem as a minimization problem that finds a polynomial mapping Φ(x) minimizing the energy function
The Proposed Solution
The question now is how to obtain the transform function Φ. Obviously, we should select Φ that minimizes the energy E. In addition, to preserve the image features, it is desired that Φ be continuous and monotonically non-decreasing. Assume g is the linear function that maps [min x , max x ] to [0, 1]. Then Φ can be defined by
where function f (y) is a monotonically non-decreasing mapping from [0, 1] to [0, 1]. For simplicity, we let f (y) be chosen from the set of cubic polynomials and express it in the Bernstein-Bézier form. The Bernstein-Bézier form has been widely used in computer aided geometric design [9] and its coefficients have nice geometric meaning. For a cubic polynomial f (y) satisfying f (0) = 0 and f (1) = 1, its Bernstein-Bézier form can be written to be
Here the two inner Bernstein-Bézier coefficients are written as a 1 and a 1 + a 2 so that if a 1 and a 2 satisfy the following constraints:
f (y) defines a monotonically non-decreasing mapping from
By combining equations (1) to (6), E can be expressed as E(a 1 , a 2 ). Then, (a 1 , a 2 ) is computed by
From equations (3), (4), (5) and (7), we derive two linear equations in the follow form
from which the Bernstein parameters (a 1 , a 2 ) are calculated and used to define Φ(x) in Eq. (4). In short, the obtained gamut mapping function Φ(x) can be regarded as a spatialdomain image-dependent global TMO. Note that the solution (a 1 , a 2 ) is required to satisfy the constraints of Eq. (6), which cannot be guaranteed by solving Eq. (8) . Therefore, in the cases of violating the constraints, the parameters (a 1 , a 2 ) are adjusted by checking the boundary of the solution space, which is a triangular region defined by the appropriate segments of lines
Specifically, the energy values for all (a 1 , a 2 ) in the set
A2−B2 ) are compared and the one with the minimal energy is selected as the couple of parameters of the Bernstein polynomial.
RESULTS AND EVALUATION
To generate overflow and underflow images as the input to our framework, we apply the GrabCut algorithm [10] to segment the object and then paste it onto the destination image using the Poisson image composition algorithm [1] . We compare the proposed gamut fitting algorithm with linear scaling, histogram adjustment [5] [6] and iCAM [5] [7] . The results of different approaches are shown in Fig. 2 . The source and the destination images are shown in the first and the second rows, respectively. The results of Poisson image composition with hard clipping is shown in the third row, where it can be seen that the details are lost in the saturated image regions. The last four rows show the results of linear scaling, histogram adjustment, iCAM and the proposed method, respectively.
It can be seen in Fig. 2(c) that overflow exists in the composition of bird while underflow exists in the composition of duck. The linear scaling (Fig. 2(d) ) compresses the brightness of the entire background for the overflow case, while brightening the entire background for the underflow case. Although the resulting images look fine, compared to the reference images, the image context changes dramatically, e.g. from sunny to dark for bird and from sunset to daytime for duck.
We also compare our method with two spatial domain tone mapping operators, histogram adjustment and iCAM, which are designed for HDR compression. The histogram adjustment [6] is a global TMO while the iCAM model [7] is a local TMO, which is one of the best TMOs stated in [8] .
To generate the results of these two operators, the exponential function is used to obtain the approximate radiance values from intensities [5] .
The performance of the histogram adjustment algorithm is close to that of linear scaling while its resulting images have higher overall brightness. The histogram adjustment algorithm slightly changes the color temperature of the images, i.e. the resulting images seem diluted for bird and foggy for duck. From Fig. 2(f) , it is clear that the iCAM model, although performing well in HDR compression, is not suitable for gamut fitting in image composition. The iCAM model is a locally adaptive method where the mapping curve for each pixel depends on its neighborhood. Therefore, it is not a monotonically increasing function. A bright pixel with bright neighborhood can become darker than a bright pixel with dark neighborhood. This accounts for the unnatural darkness around the bird for the overflow test case. Similarly, the duck becomes even brighter than the background for the underflow case. Among the methods tested, the proposed method generates images with the best visual quality. It provides a better tradeoff between the image qualities of the foreground and the background regions. In our method, as the three color channels are processed together and the same transform function is applied on the three channels, the color balance of the result images does not change.
CONCLUSIONS
In this paper we presented a solution to the out-of-gamut problem in image composition. The proposed parametric method is a reasonable compromise between low complexity and fair approximation of the optimal mapping curve. As a global operator, the proposed algorithm generates visually pleasant images. The proposed algorithm can be used as a post-processing to enhance the visual quality of the resulting images in image composition. It can also be used for HDR compression by combining new objectives and concepts from HVS. For example, the transform function in Eq. (4) can be defined according to HVS concepts, which will be considered in our future work.
